Abstract
Results
The 178 students (86 men, 92 women) included in the study achieved 5.9% (standard deviation [SD] 5.5) higher mean scores on examination questions that assessed their knowledge of pathology-based content learned using the TBL strategy compared with questions assessing pathology-based content learned via other methods (P Ͻ .001, t test). Students whose overall academic performance placed them in the lowest quartile of the class benefited more from TBL than did those in the highest quartile. Lowest-quartile students' mean scores were 7.9% (SD 6.0) higher on examination questions related to TBL modules than examination questions not related to TBL modules, whereas highest-quartile students' mean scores were 3.8% (SD 5.4) higher (P ϭ .001, two-way analysis of variance).
Conclusions
Medical students' higher performance on examination questions related to course content learned through TBL suggests that TBL enhances mastery of course content. Students in the lowest academic quartile may benefit more than highestquartile students from the TBL strategy.
Preclinicalmedicaleducationis
increasingly impaled on the horns of a curricular dilemma. While the volume of biomedical knowledge increases relentlessly, faculty-student contact hours cannot be expanded in parallel. To address this dilemma, educators rely increasingly on textbooks, syllabi, electronic resources, and Web-based units of study that organize essential knowledge into accessible formats for independent learning outside class. 1, 2 As students acclimate to these learning tools, faculty may reduce hours previously reserved for lecture presentations, making face-to-face time more available for active teaching and learning strategies that engage learners and faculty in thoughtful dialogue and focus on application rather than acquisition of knowledge.
Problem-based learning (PBL), one such active learning method, has demonstrated its usefulness in undergraduate medical education during the past 40 years. 3 PBL seems to be adaptable to changing curricular priorities. It was introduced as the primary learning strategy at McMaster University in 1969 and has survived two major revisions of the curriculum. 4 In terms of outcomes, researchers have shown that medical students enrolled in a PBL curriculum demonstrate academic performance similar to students in a traditional lecture-based curriculum, as measured by scores on United States Medical Licensing Examinations during a seven-year period. 5 Team-based learning (TBL), which was introduced at Baylor College of Medicine in 2001, has a much shorter track record than PBL in medical education. 6, 7 Designed as an active learning strategy, TBL is learner-centered but instructorled. It fosters individual and group accountability as small groups of students work together to answer questions. 8 TBL employs a structured three-phase sequence: (1) preparation, during which learners study an advance assignment defined by faculty, (2) readiness assurance, where learners demonstrate knowledge through individual and group readiness assurance tests (RATs), and (3) application, when learners apply course concepts to problem-solving exercises designed by faculty and analyzed by teams. 9 TBL's strategic sequence, when repeated multiple times during a course or academic term, encourages conscientious individual preparation while developing teams into cohesive learning groups. Faculty motivate students to thoroughly study the advance assignment by writing questions that assess mastery of critical concepts in that assignment. These questions comprise the individual readiness assurance test (IRAT) and group readiness assurance test (GRAT). Both tests contain identical multiplechoice questions which are answered first by individual students, then by teams of five to seven students working together. Throughout the application phase, teams again collaborate to answer multiplechoice questions. During the readiness assurance and application phases, all teams simultaneously reveal their choices to the entire class.
TBL provides frequent opportunities for peers to enhance learning, as teammates talk and listen to one another to arrive at consensus decisions. Faculty invite teams to explain and support their choices publicly, and facilitate as teams debate justification for the best decision. Ideally, application questions require students to engage in critical thinking, rather than to merely retrieve relevant knowledge. Wellcrafted application questions motivate teams to "make a concrete decision based on analysis of a complex issue." 10(p41) Faculty often observe considerable energy and engagement of students during intraand interteam discussions. Still, beyond the prospect of lively debate, an important question remains for educators: How effectively does TBL promote medical students' learning?
Since TBL was introduced into medical education, few studies have correlated use of the method with students' performance on examinations, particularly objective examinations that rely on multiple-choice questions to measure learning. Nieder and colleagues 11 showed no change in mean course examination performance compared with performance in years before TBL was used, but the use of TBL resulted in fewer students failing a human structure course. Levine and coinvestigators 12 found that third-year students in a psychiatry clerkship after TBL was implemented demonstrated significantly higher performance than did earlier cohorts on a National Board of Medical Examiners psychiatry subject exam. More recently, Letassy and colleagues 13 reported that pharmacy students in an endocrine module achieved higher course grades after TBL replaced a lecture-based curriculum. A prospective study in 2002-2003 at the Boonshoft School of Medicine 14 showed no significant differences in performance by cohorts of second-year students on comprehensive course examinations (CCEs), regardless of whether they experienced TBL or case-based group discussion as a primary active learning method. However, both faculty and students in that study noted that TBL's emphasis on individual preparation and peer-to-peer teaching seemed to enhance learning. The decreased failure rate observed in Nieder and colleagues' 11 study suggests that academically weaker students may benefit from TBL. This observation motivated us to investigate the effects of TBL on students across the full range of academic ability. Accordingly, we decided to examine learning outcomes for entire classes of students at the Boonshoft School of Medicine and for subgroups of students at both ends of the academic performance spectrum.
Educators who are considering implementing TBL into their curricula need objective evidence from studies that examine the impact of TBL on the learning outcomes of medical students. Given the small amount of such literature, the mixed results of previous studies of academic outcomes, and our own accumulated experience with TBL, we were guided in this study by two questions: (1) Does participation in TBL affect students' performance on course examinations? (2) Does TBL preferentially benefit academically loweror higher-performing students? We formulated two hypotheses: (1) Students will perform better on multiple-choice course examination questions if those questions are conceptually related to an advance assignment for a TBL module or to a TBL application exercise in that course, and (2) students whose academic performance places them in the lowest quartile of the class will benefit more from the TBL experience than will students in the highest academic quartile, as shown by comparison of each quartile's performance on examination questions. This study's design differs from previous studies of TBL's effectiveness in health professions education in an important way: Instead of comparing performance between different groups of learners in consecutive course iterations, we analyzed students' performance within an academic year. This research design decreases the confounding variables introduced by differences in academic ability between cohorts of students, changes in the roster of faculty and their teaching effectiveness, adjustments in course content or instructional methods, and variations in content or difficulty of examination questions. In this two-year study, students in each year's cohort experienced the same composite of teaching faculty, educational strategies, course content, and multiple-choice examination questions.
Method
We examined the performance of second-year medical students on 28 major examinations over two consecutive academic years (2003-2004 and 2004 -2005) at the Boonshoft School of Medicine. This study was deemed exempt by Wright State University's institutional review board.
Boonshoft's second-year curriculum
Boonshoft's systems-based second-year curriculum consisted of 10 courses (divided between two terms) emphasizing foundational knowledge of physiology, pathology, and pharmacology applicable to clinical medicine. The sequence and content of these courses remained essentially stable over the study period. Teaching methods included lecture, laboratory exercises, clinical case discussions, independent study modules, and TBL modules; lecture was the method faculty used most frequently, but all classes included TBL modules. In all courses, students were primarily assessed via CCEs composed of multiple-choice questions and accounting for 80% to 95% of the overall course grade. Individual and group performance scores in TBL modules, including peer evaluations, accounted for 5% to 15% of the overall course grade. Three courses (neuroscience, blood, and respiratory) used additional graded assessments, accounting for Ͻ10% of the final course grade. Table 1 summarizes the academic terms, courses, CCEs, and TBL modules included in the study.
Teams of five to seven students were formed by random sorting at the beginning of the academic year; students remained on the same teams throughout all 10 courses. For TBL modules, advance assignments included readings from textbooks or journal articles, as well as
Team-Based Learning independent study tools created by faculty. About 60% of TBL modules' advance assignments included review of lecture content. Each module's RAT and application exercise were created by a faculty content expert and edited by at least one other member of the faculty. (A representative application exercise has been published elsewhere. 15 ) TBL sessions were usually two hours long (40 minutes for RATs, 80 minutes for the application exercise) and facilitated by two members of the faculty, one of whom had created the module.
Multiple-choice questions for CCEs were authored and edited by numerous faculty representing multiple disciplines, in an attempt to create examinations that assessed an integrated understanding of physiology, pathology, pharmacology, and clinical decision making. Two of the authors of this article (P.K. and S.N.) wrote approximately 50% of the pathology-based CCE questions; the rest were written by other pathology faculty members and edited by P.K. or S.N. Questions that were used in TBL modules did not appear on CCEs.
Data analysis
Without knowledge of students' performance on individual questions, we retrospectively analyzed all CCE questions on the 28 examinations students took over the study period to determine which questions required knowledge of pathology course content to answer the question correctly. We identified these CCE questions as pathology-based questions (PBQs). We limited our study to PBQs because selection could be guided by two authors' area of expertise. PBQs were further divided into two subgroups by the author (P.K.) who designed or edited many of the TBL modules; he remained blinded to students' performance. One subgroup, designated TBL-related PBQs (TRs), contained questions that assessed knowledge included in a TBL module's advance assignment or discussed during a TBL application exercise. The second group, designated TBL-unrelated PBQs (TUs), consisted of questions that were conceptually unrelated to any TBL module's content. We recorded every student's answer for each PBQ as 1 (correct) or 0 (incorrect) in an Excel spreadsheet. Only students who achieved scores in all CCEs and TBL modules for the entire academic year were included in our data analysis. Table 3 .
For both years combined, 178 students correctly answered 83.6% (SD 6.1) of TRs and 77.7% (SD 6.9) of TUs, achieving mean scores 5.9% (SD 5.5) higher on TRs (P Ͻ .001, t test) ( Table 3) . Similar results were observed when analyzing subgroups of term 1 or term 2 PBQs. For term 1 PBQs, students scored 4.8% (SD 7.0) higher on TRs than TUs (P Ͻ .001). A somewhat greater difference was observed for term 2, as students achieved 7.0% (SD 6.9) higher scores on TRs than TUs (P Ͻ .001). The mean discrimination index of TUs was slightly higher than TRs: 0.22 (TU) versus 0.20 (TR). This small difference is not surprising, ........................................................................................................................................................................................................................................................................................................... considering that discrimination index is related to the difficulty of a test question, and students correctly answered TRs more often than TUs.
Analysis of students' performance by academic quartiles (Table 4) revealed that students in both the highest (n ϭ 45) and lowest (n ϭ 45) quartiles scored significantly higher on TRs compared with TUs (P Ͻ .001). Highest-quartile students achieved 3.8% (SD 5.4) higher scores on TRs, whereas lowest-quartile students scored 7.9% (SD 6.0) higher on TRs. Thus, the magnitude of the difference between TR and TU scores was greater in the lowest quartile compared with the highest quartile (P ϭ .001, twoway ANOVA interaction).
Discussion and Conclusions
To the best of our knowledge, this is the first study in medical education demonstrating that TBL provides a larger learning benefit for lower-achieving students compared with higherachieving students. Nevertheless, higher-achieving students also showed improved performance on comprehensive examinations, probably due to a combination of thorough study of the advance assignment and enhancement of personal knowledge through interaction with peers and faculty. Overall, students in two consecutive second-year classes demonstrated significantly higher performance on PBQs related to course content learned via TBL modules. In our opinion, a 5.9% higher mean score is large enough to be meaningful for educators and learners whose common goal is achievement of learning objectives. We believe that these outcomes are especially encouraging to faculty who are considering TBL but are concerned about mastery of course content. Students' improved performance across the board, and particularly among the lowest-quartile performers, may reduce the failure rate on criterion-based examinations.
Our findings support both our hypotheses, suggesting that TBL has a positive impact on students' learning. Knowing that the IRAT will be administered at the beginning of a TBL session motivates students to prepare well by attempting to independently master knowledge contained in the advance assignment. Gaps and deficiencies in understanding are improved as peers explain to their teammates why they favor specific answers to questions as the group works toward consensus for the GRAT. Revealing all groups' answers simultaneously allows faculty to see which questions were not answered correctly by all teams. Faculty are then able to direct the ensuing discussion toward clarifying any difficult concepts that the GRAT showed were not well understood or were mastered incompletely. The culminating application exercises challenge each team to use their aggregate knowledge as they wrestle with faculty-designed problems. Teams must analyze information and negotiate to achieve consensus within a short time. After teams reveal their decisions, the intergroup discussion requires teams to explain to the class the evidence and reasoning that support their conclusions. As teams perceive how their conclusions compare with others', faculty may further explore and extend the interpretations verbalized by learners.
TBL's sequential strategy motivates learners to go beyond mere mastery of essential facts. A well-crafted application exercise requires teams to apply knowledge to realistic situations, such as deciding which pathogenesis, diagnosis, or treatment is most likely or most appropriate for a particular patient. The process of arriving at consensus demands that students develop and demonstrate listening, teaching, and vigorous negotiation skills. The interteam discussion that follows provides every team with immediate comparative feedback regarding its conclusions. By deliberating over best answers within teams, and defending those answers to peers and faculty, students become engaged in learning why a particular choice is most appropriate. In describing the kinds of activities that enhance long-term learning, Frank Smith 16(p87) argues that "we can only learn from activities that are interesting and comprehensible to us; in other words, activities that are satisfying. If this is not the case, only inefficient rote learning, or memorization, is available to us and forgetting is inevitable." Medical students' higher performance on examination questions related to course content learned with the benefit of a TBL module suggests that TBL enhances mastery and retention of course content, at least over the duration of a single course.
The larger beneficial effect on examination performance for lowestquartile students compared with highestquartile students correlates with TBL's strategy. Pointed exchange among peers during the GRAT and application exercises, combined with faculty management of the interteam discussions, may be viewed as an orchestrated learning laboratory that helps students achieve a baseline of knowledge. Because peers are teaching each other while arriving at consensus answers, it seems reasonable that learning gains are likely to be greater for those who have less content mastery at the start of a TBL session. We have observed that no burdensome duty is placed on higherperforming students who begin the readiness assurance phase with a better Team-Based Learning grasp of the advance assignment. Wellprepared students clarify their own knowledge by verbalizing and negotiating with peers, are rewarded with grades for their individual and team efforts, and spend no additional time accomplishing these tasks beyond the live session. However, students who arrive less prepared are not just enriched by their teammates' knowledge and critical thinking skills. They are also motivated by two factors to prepare more thoroughly for future sessions: the desire to achieve a better grade on the IRAT, and their peers' expectations that they will make valuable contributions to intrateam discussions. Peer influence, expressed through intragroup teaching and social pressure to prepare well, assists the academically challenged student in mastering course content. 17 Effective implementation of TBL enables students who are academically "at risk" to learn significant portions of course content before CCEs, resulting in improved performance on those examinations. Other educational strategies, such as peer tutoring, have been shown in the literature to improve academic performance in health professions education. 18 Peer tutoring, however, requires significant time commitments outside class. TBL benefits the at-risk student within the confines of class time, using the combined efforts of faculty and peers to promote learning.
Several limitations of this study's design and conclusions are apparent. First, because two authors' (P.K. and S.N.) content expertise is limited to pathology, we did not analyze performance on examination questions unrelated to pathology. Accordingly, our conclusions about TBL-related learning benefits may not apply to other medical science disciplines. Second, the argument could be made that any type of active educational strategy might enhance students' performance on examinations. Our findings may represent only the effect of dedicated class time rather than benefits of the TBL strategy. A prospective study comparing TBL with another active learning method in a single cohort of students is required to address that argument. Third, we recognize that using one person to categorize questions as TBL related may have introduced an unmeasured error. Fourth, we must consider the effect of excluding 8/186 students (4.3% of the sample) because of incomplete exam data. Of these 8 students, 3 had acceptable academic standing and 5 were failing (the cumulative exam average of the latter group was Ͻ70%). We doubt that excluding only 4.3% significantly affects the whole group's mean TR and TU scores. However, exclusion of the 5 failing students (2.7% of the sample) alters the composition of the lowest quartile more than the highest quartile of students, so our data comparing quartile performances may be biased by their exclusion. Finally, and perhaps the most important limitation, examination performance was measured within four weeks after content-related TBL modules. Therefore, our results show benefits for relatively short-term learning.
Another concern is that systematic differences between TRs and TUs may have influenced results. Our design relies on difficulty value as the outcome measurement; that is, mean scores are equivalent to mean difficulty value. Therefore, we considered factors other than difficulty value to compare TRs with TUs. The difficulty of a multiple-choice question may be affected by structural features; a poorly written question introduces "artificial difficulty" that may affect students' performance. 19 Structural features include format, wording, complexity of the stem, and the number of distracters. Two observations are pertinent to address this concern. First, we analyzed large numbers of questions in each group (TU and TR), increasing the probability that a similar range of formats was included in each group. Second, because all of the TUs and TRs that we analyzed were written or edited by two of this study's authors (P.K. and S.N.), structural features are likely to be similar in both groups. We also compared questions using the discrimination index, a useful measurement of item quality that reflects the degree to which a single test question differentiates between groups of students who scored well on the entire exam and those who scored poorly. The mean discrimination indices were 0.20 for TR and 0.22 for TU questions, indicating similar effectiveness in differentiating between the highest and lowest quartiles of students. These observations and results suggest that systematic differences in TRs versus TUs are unlikely.
More outcome-centered studies of TBL are needed to provide objective evidence of this active learning strategy's effectiveness in medical education. Potential benefits for longer-term learning need to be evaluated, such as performance on examinations administered several months after a TBL module or performance on comprehensive examinations assessing knowledge gained from several courses in which TBL was used. Additionally, a prospective research design that compares learning outcomes of academically similar student cohorts exposed to the TBL strategy versus another active learning method could produce meaningful data.
